The role of nuclear technology in our energy resource portfolio is likely to 1 become increasingly important as the global demand for energy continues to rise. 2 Uranium processing, both for energy and nuclear weapons has resulted in a multitude of 3 contaminated sites worldwide. In the United States specifically, there are more than 120 4 uranium-contaminated sites, containing approximately 6.4 trillion liters of waste (22) . As 5 a heavy metal as well as a radionuclide, enriched uranium is toxic to cellular functions. 6
Remediation strategies have utilized plants to extract uranium from contaminated sites 7 (15), and recently have focused on containment, to minimize migration of uranium in 8 groundwater and prevent infiltration into drinking water supplies (6). The uranyl ion 9 (UO +  2 2 ) is the most water-soluble and bioavailable form of uranium (38) , posing the 10 greatest threat to human health. Due to the ease of uranyl ion spread through ground 11 water systems, most bioremediation strategies attempt to prevent contaminating uranium 12 spread by utilizing micro-organisms to reduce the oxidation state of uranium from U(VI), 13 found in uranyl, to less soluble forms of uranium, including U(IV) (17, 36, 37) . 14 Detecting the presence of low concentrations of uranium is necessary to identify 15 contaminated areas and assess the progress of remediation efforts. Methodologies 16 employed to detect and quantify uranium concentrations often exploit the physical 17 properties of uranium, including phosphorescence kinetics (5), atomic emission (16) and 18 mass spectrometry (4). These methods are extremely sensitive and selective for uranium, 19 but provide low sample throughput, and are not very portable. Additionally, these 20 technologies measure the total amount of uranium present in a given sample, as opposed 21 to the quantity of bioavailable uranium. Recently, there have been several uranyl 22 biosensors reported, including a uranium immunosensor, in which a fluorescently labeled 23 monoclonal antibody selectively binds to chelated uranyl (3) , and a catalytic beacon 24 sensor, consisting of a DNA enzyme that in the presence of uranyl catalyzes DNA 25 cleavage leading to an increase in fluorescence (19) . The catalytic beacon biosensor 26 rivals the most sensitive analytical instruments for uranium detection, with a detection 27 limit of 45 pM, a linear detection range up to 400 nM, and extremely good specificity for 28 the uranyl ion. However, the catalytic beacon sensor measurements must be performed on 29 individually isolated and prepared samples. 30
A C C E P T E D
In addition to biosensors based upon in vitro methods, such as the immuno and 1 catalytic beacon sensors described above, there are precedents for whole cell heavy metal 2 biosensors (1, 7, 18, 28, 30, 33) , utilizing either luciferase or fluorescent protein 3
reporters. In contrast with other methodologies, whole cell biosensors may be dispensed 4 directly onto the site of interest, detecting the presence of bioavailable heavy metal in 5 situ. This is possible because whole cell biosensors that utilize a UV-excitable green 6 fluorescent protein (GFP), GFPuv (8, 33) , require little to no sample preparation. The set 7 of heavy metals detectable thus far by whole cell biosensors include mercury, chromate, 8 arsenic, and copper, but, to the best of our knowledge, no whole cell biosensor for 9 uranium has been reported. 10
In the work presented here, we have bioengineered a strain of the bacterium 11
Caulobacter crescentus to become fluorescently green in the presence of toxic levels of 12 uranium. Caulobacter is a widely distributed bacterial genus that is able to survive in 13 low-nutrient environments, including freshwater, seawater, soil (29) , contaminated 14 ground water (21) , wastewater (20) , and habitats where contamination with uranium may 15 be present (27) . This large diversity of viable habitats, including those contaminated with 16 uranium, suggests that a Caulobacter whole cell in situ uranium biosensor could robustly 17 function across a wide spectrum of environmental conditions and ambient temperatures. 18
Caulobacter is particularly resistant to the lethal effects of uranium, up to 1 mM uranyl 19 nitrate (13), and previous microarray experiments have demonstrated that several 20
Caulobacter genes are significantly upregulated in response to uranium, but not in 21 response to other heavy metals (13). Building upon these results, we have constructed a 22 uranium reporter that places GFPuv under the control of the promoter that is most 23 strongly upregulated under uranium stress. 24
25

MATERIALS AND METHODS 26
Materials. T4 DNA ligase, shrimp alkaline phosphatase (SAP) and 27 endonucleases were purchased from Fermentas (Hanover, MD) and New England 28 Biolobs (Ipswich, MA). DNA oligos were purchased from the Stanford Protein and 29
Nucleic Acid Biotechnology Facility (Stanford, CA). One Shot Top10 chemically 30 competent E. coli and 0.1 cm electroporation cuvettes were purchased from Invitrogen 31 A C C E P T E D (Carlsbad, CA O] were purchased from Sigma-Aldrich, and stock 6 solutions were prepared as described previously (13). 7 P urcA lacZ reporter strain. The genomic region containing the urcA promoter 8 was amplified from Caulobacter CB15N genomic DNA with KOD Hot Start DNA 9 polymerase and oligos NJH144 and NJH121 (see Table S1 ). The 50 µL PCR reaction 10 mixture, containing 5% DMSO, was made per the manufacturer's protocol. The PCR 11 reaction was initiated by 1 min 45 sec melting at 94 ºC, followed by 32 cycles of 15 sec 12 melting at 94 ºC, 30 sec annealing at 58 ºC, and 1 min 10 sec extension at 68 ºC. This 13 PCR product was then purified by electrophoresis through 1.2% agarose, followed by gel 14 extraction and then reamplified with oligos NJH120 (see Table S1 ) and NJH121 as 15 described above. This second PCR product was then then digested with BglII and KpnI 16 was confirmed by primer extension sequencing using oligos NJH155 and NJH156 (see 21   Table S1 ). Caulobacter crescentus CB15N ∆cc1634 (strain LS4358) was transformed 22 with plasmid pNJH123 by electroporation as previously described (10) to yield the urcA 23 promoter LacZ reporter strain NJH199. The in frame ∆cc1634 deletion reduces the 24 background β-galactosidase activity of Caulobacter (J.C. Chen, unpublished results). 25 P urcA lacZ reporter activity assays. Cultures of strain NJH199 were grown at 28 26 ºC in M2G media (10). Overnight cultures were diluted to an OD 660nm of 0.1 with fresh 27 M2G, and then grown for an additional 2 hr at 28 ºC to resume exponential growth before 28 stressing the cells with either mock treatment, or indicated concentrations of uranyl 29 nitrate, sodium nitrate, lead nitrate, cadmium sulfate or potassium chromate. The stressed 30 cultures were then grown on an orbital shaker for 2 hr (Fig. 3B) or the amount of timeindicated (Fig. 3A) before liquid culture β-galactosidase assays were conducted, as 1 previously described (24). 2 P urcA gfpuv reporter strain. An NcoI/NheI DNA fragment containing gfpuv was 3 amplified from plasmid pBAD-GFP (8). An NcoI restriction site internal to gfpuv was 4 silently mutated using the splicing by overlap extension (SOE) method (12). pBAD-GFP 5 template was amplified with KOD Hot Start DNA polymerase using oligos NJH122 and 6 NJH237 (5' SOE PCR reaction, see Table S1 ) or NJH236 and NJH123 (3' SOE PCR 7 reaction, see Table S1 ), as described above. These first round SOE PCR products were 8 mixed 1:1 as template for the second round SOE PCR reaction, and then amplified using 9 oligos NJH122 and NJH123, as described above. This second round SOE PCR product 10 was then digested with NcoI and NheI. 11
An AscI/NcoI DNA fragment containing the urcA promoter was amplified from 12 plasmid pNJH123 with KOD Hot Start DNA polymerase using oligos NJH144 and 13 NJH238 (see Table S1 ). This PCR product was then digested with AscI and NcoI, ligated 14 with the NcoI/NheI digested gfpuv fragment (described above) and AscI/NheI digested 15 low copy pRVYFP-2 vector (M. Thanbichler, unpublished) backbone (triple ligation), 16 and then transformed into OneShot Top10 chemically competent E. coli cells. The 17 sequence of the resulting plasmid, pNJH193, was confirmed by primer extension 18 sequencing using oligos NJH237 and NJH244 (see Table S1 ). 19
In an effort to enhance folding and stability, we added a His 6 tag to the N-20 terminus of GFPuv. To do this, oligos NJH246 and NJH247 (see Table S1 ), 100 pmol/µL 21 each, were mixed 1:1 in a 50 µL total volume, heated at 94 ºC for 2 min and then 22 annealed at room temperature. This annealed mixture of NJH246/247 was diluted 1:400, 23 and then mixed 1:1 with NcoI-digested/SAP-treated pNJH193 vector backbone for 24 ligation. This ligation mixture was then transformed into OneShot Top10 chemically 25 competent E. coli cells. The sequence of resulting plasmid, pNJH198, was confirmed by 26 primer extension sequencing using oligo NJH241 (see Table S1 ). 27
In an attempt to increase the strength of the ribosomal-binding site (RBS) within 28 pNJH198, we added the RBS through start ATG codon of pRKLac290 (M.R.K. Alley 29 and J. Gober, unpublished) in frame with the His 6 GFPuv protein sequence of pNJH198. 30 1:1 in a 50 µL total volume, heated at 94 ºC for 2 min and then annealed at room 1 temperature. This annealed mixture of NJH248/249 was diluted 1:400, and then mixed 2 1:1 with NcoI-digested/SAP-treated pNJH198 vector backbone for ligation. This ligation 3 mixture was then transformed into OneShot Top10 chemically competent E. coli cells. 4
The sequence of resulting plasmid, pNJH200, was confirmed by primer extension 5 sequencing using oligo NJH241. 6
To place the urcA promoter GFPuv reporter into a higher-copy number plasmid, 7
we amplified an AscI/SpeI DNA fragment from plasmid pNJH200 with KOD Hot Start 8 DNA polymerase using oligos NJH144 and NJH239 (see Table S1 ), as described above 9 except the extension time was 1 min 45 sec. This PCR product was then then digested 10 with AscI and SpeI, and ligated with similarly digested pBVMCS-2 vector (M. 11
Thanbichler, unpublished) backbone, and then transformed into OneShot Top10 12 chemically competent E. coli cells. The sequence of the resulting plasmid, pNJH201, was 13 confirmed by primer extension sequencing using oligos NJH240, NJH241, NJH242 and 14 NJH243 (see Table S1 ). Caulobacter crescentus CB15N (strain LS101) was transformed 15 with plasmid pNJH201 by electroporation as previously described to yield the urcA 16 promoter GFPuv reporter strain NJH371. 17 P xyl gfpuv strain. pBAD-GFPuv was digested with EcoRI , followed by a 1 hour 18 limited digest with NdeI (gfpuv contains an internal NdeI site), to afford the desired 900 19 bp band containing full-length gfpuv which was isolated by gel electrophoresis. The 20 NdeI/EcoRI gfpuv fragment was ligated with similarly digested pX31 (A. Iniesta, 21 unpublished), a pBBR1MCS-based vector containing 500 bp of the xylose promoter 22 inserted in front of the unique NdeI site, and then transformed into OneShot Top10 23 chemically competent E. coli cells. Caulobacter crescentus CB15N was transformed with 24 the resulting plasmid, pNJH153, by electroporation as previously described to yield the 25 P xyl gfpuv strain NJH250. 26 P urcA gfpuv reporter activity assays. Cultures of strain NJH371 (P urcA gfpuv) 27
were grown overnight at 28 ºC in M2G media to an OD 660nm of about 0.4. These cultures 28 were then stressed with the addition of either mock treatment, or indicated concentrations 29 of uranyl nitrate, sodium nitrate, lead nitrate, cadmium sulfate and/or potassium chromate 30 (Figs. 3C, 3D and 3E); or, the 1:1 (by volume) addition of M2G media, or uraniumcontaminated (4.2 µM) or uncontaminated (< 0.1 µM) variants of Oak Ridge Field 1
Research Center ground water sample FW231-17 (Fig. 4) , optionally supplemented with 2 50 µM uranyl nitrate. The stressed cultures were then grown on an orbital shaker for 4 3 hours (Figs. 3D, 3E and 4) or the amount of time indicated (Fig. 3C ) before measuring 4 the GFPuv fluorescence intensity with a ND-3300 Fluorospectrometer, exciting with the 5 UV LED, and monitoring emission at 509 nm, as directed by the manufacturer. Replicate 6 experiments were performed on separate days. Digital photographs of strain NJH371 7 (Fig. 4B) were acquired with a tripod mounted Canon Powershot A630 automatic 8 camera, using either daylight or a hand-held UV lamp (366 nm) as the light source. 9
Adobe Photoshop CS2 was utilized to isolate the green channel of the UV illuminated 10 RGB image, as well as to scale the green channel intensity, maintaining a gamma of one, 11 to maximize the dynamic display range. 12 P xyl urcA-mcherry strain. The genomic region containing urcA was amplified 13
from Caulobacter CB15N genomic DNA with KOD Hot Start DNA polymerase using 14 oligos NJH204 and NJH205 (see Table S1 ), as described above except the extension time 15 was 2 min 30 sec. The PCR product was then reamplified using oligos NJH200 and 16 NJH213 (see Table S1 ), as described above except the extension time was 30 sec. This 17 second PCR product containing urcA was then digested with NdeI and EcoRI. 18
An AgeI/BsrGI fragment containing mcherry was amplified from pRSET-B 19 mcherry (32) using oligos NJH25 and NJH26 (see Table S1 ), as described above except 20 the extension time was 1 min, digested with AgeI and BsrGI, ligated into similarly 21 digested pMT383 (35) , and the sequence of resulting plasmid, pNJH15, was confirmed 22 by primer extension sequencing using oligos NJH25 and NJH26. Plasmid pNJH15 was 23 digested with EcoRI and BsrGI to yield a 750 bp EcoRI/BsrGI fragment containing 24 mcherry, which was isolated by gel electrophoresis. 25
Plasmid pMT397 (M. Thanbichler, unpublished) was sequentially digested with 26
SmaI and then EcoRI, to yield an 800 bp EcoRI/SmaI fragment containing eyfp, which 27 was isolated by gel electrophoresis, and then ligated into the vector backbone of similarly 28 digested pNJH153, to yield pNJH156. Plasmid pNJH156 was digested with NdeI/BsrGI, 29 and the vector backbone was ligated with the NdeI/EcoRI fragment containing urcA (see 30 above) and the EcoRI/BsrGI fragment containing mcherry (see above) (triple ligation),and the sequence of resulting plasmid, pNJH169, was confirmed by primer extension 1 sequencing using oligo NJH210. Caulobacter crescentus CB15N was transformed with 2 plasmid pNJH169 by electroporation as previously described to yield the Pxyl UrcA-3 mCherry strain NJH300. Strain NJH300 was grown overnight at 28 ºC in M2G media to 4 an OD 660nm of about 0.3, induced with 0.3% xylose for 3 hours at 28 ºC and immobilized 5 onto 1.0% agar in M2G before imaging with phase and epifluorescent deconvolution 6 microscopy with a Leica DM6000 microscope using ImagePro Plus v6.0 (with embedded 7 SharpStack Plus) software. 8 9
RESULTS
10
A custom designed Affymetrix array of the C. crescentus genome, CauloHI1 (23), 11 used to quantitate transcript levels upon exposure of Caulobacter to heavy metals, 12 revealed that several genes were specifically upregulated upon exposure to uranyl nitrate 13 (13). One of these genes is induced 27.5 fold under uranium stress, but is not upregulated 14 in response to other heavy metals in the test screen (13). We have named this gene urcA, 15 for uranium response in Caulobacter A and selected the urcA promoter as a candidate to 16 drive uranium reporter constructs. Results from the microarray experiments localized the 17 urcA +1 transcriptional start site to within a 10 base pair window (13) (Fig. 1A) . Caulobacter genes, has been identified (23). The urcA promoter contains two matches to 23 this uranium-specific m_5 motif, located 107 and 55 base pairs upstream of the putative 24 +1 site (Fig. 1A,C) . The urcA transcript overlaps the opposing strand of gene cc3302 of 25 the original annotation of the Caulobacter genome (26), but the revised Glimmer (9) and 26 GeneMark (2) annotations of the Caulobacter genome now identify urcA as the true ORF 27 (spanning from chromosomal position 3552927 to 3553280 on the positive strand), 28 dispensing with the originally annotated cc3302 gene. The urcA gene is not essential for 29 viability, and is not conserved among other α-proteobacteria. 30
The urcA gene encodes a predicted 12.7 kD protein. The signal sequence 1 prediction tool SignalP (25) predicts with near 100% certainty that UrcA contains an N-2 terminal signal sequence whose most likely cleavage site is located between residues 30 3 and 31, and the prokaryotic subcellular protein localization tool SubLoc (14) predicts 4 with 96% expected accuracy that UrcA is a periplasmic protein. To experimentally test 5 the bioinformatic prediction of UrcA's periplasmic localization, we constructed a xylose 6 inducible UrcA-mCherry fusion (32) . After xylose induction, the P xyl urcA-mcherry strain 7 was imaged with deconvolution microscopy (Fig. 2) . The fluorescence images are 8 consistent with UrcA localizing to the cell periphery and to the cell stalk. 9
To determine if the urcA promoter could be a candidate uranium biosensor, we 10 constructed a plasmid-borne LacZ fusion reporter, containing 1 kb of the promoter region 11 upstream of the urcA start ATG codon, through the first 8 amino acids of UrcA fused to 12
LacZ to create strain NJH199 (Fig. 1B) . The resulting P urcA lacZ reporter strain was 13 exposed to 0, 2.5 or 20 µM uranyl, and the resulting kinetics of β-galactosidase activity 14 was assayed in liquid culture (Fig. 3A) . The P urcA lacZ strain is able to detect the presence 15 of 2.5 µM uranyl, and maximal β-galactosidase activity occurs by 2 hours of exposure to 16 either 2.5 or 20 µM uranyl nitrate. To test the sensitivity and specificity of the reporter, 17 the P urcA lacZ strain was exposed to a panel of heavy metals for two hours, and then 18 assayed for β-galactosidase activity (Fig. 3B) . The P urcA lacZ reporter's detection limit for 19 uranyl after 2 hours exposure is about 1.0 µM. The maximum signal increase of the P urcA 20 lacZ reporter is 65-fold over background at 20 µM uranyl. The P urcA lacZ reporter is not 21 stimulated by the presence of lead (150 µM) or chromium (41.6 µM), but shows cross 22 sensitivity to cadmium at 48 µM. In addition to the panel of heavy metals, the P urcA lacZ 23 reporter response to nitrate was assayed as a negative control, to ensure that the nitrate 24 component of uranyl nitrate salt does not contribute to P urcA lacZ reporter activity. 25
After success with the P urcA lacZ reporter, we constructed a reporter strain 26 (NJH371) in which plasmid-borne P urcA drives the expression of UV-excitable GFP 27 fluorescence. The P urcA gfpuv reporter construct is shown in Fig. 1B . The time course of 28 GFPuv signal kinetics for P urcA gfpuv, after induction with uranyl nitrate is shown in Fig.  29 3C. Fluorescence activity for the P urcA gfpuv reporter strain reaches a maximum between 30 about 2 hours. It should be noted that as the P urcA gfpuv reporter strain reaches high cell 1 density at 6.5 hours (> 0.9 OD 660nm ), entering stationary phase in the absence of uranium, 2 the basal activity level of P urcA gfpuv begins to increase. This result cautions against using 3 high density cultures of the P urcA gfpuv reporter strain, which could lead to false positives 4 when probing for the presence of uranium. 5
The P urcA gfpuv reporter strain was exposed to a panel of heavy metals for four 6 hours, and then assayed for fluorescence activity (Fig. 3D) . The P urcA gfpuv reporter 7 exhibits specificity for uranium, with little cross specificity with nitrate (< 400 µM), lead 8 (< 150 µM), cadmium (< 48 µM) or chromium (< 41.6 µM). The P urcA gfpuv reporter's 9 detection limit for uranyl after 4 hours exposure is around 0.5 µM. The mean signal 10 increase of the P urcA gfpuv reporter is 4.2-fold over background at 100 µM uranyl. 11
Despite sizeable standard deviations in reporter fluorescence activity, it should be pointed 12 out that the minimum measured activities (N=7) of the reporter for uranyl concentrations 13 above 0.5 µM are all greater than the maximum measured (N=3) for nitrate, lead, 14 cadmium or chromium. Interestingly, we did not observe low level stimulation of the 15 GFPuv reporter by cadmium, contrasting with the LacZ reporter results (Fig. 3B ). An 16 inhibitory affect of 41.6 µM chromium on GFPuv activity is observed for the P urcA gfpuv 17 reporter (Fig. 3E ), but cadmium levels less than 48 µM do not appear to significantly 18 affect P urcA gfpuv reporter activity in the presence of 10 µM uranyl. 19 Fig. 4 demonstrates that the P urcA gfpuv strain discriminates uranium contaminated 20 (4.2 µM) from uncontaminated (< 0.1 µM) ground water samples collected at the Oak 21
Ridge Field Research Center. Adding 50 µM uranyl nitrate to the uncontaminated water 22 sample yielded comparable photoemission. Using a hand held UV lamp as the light 23 source, the naked eye alone is sufficient to distinguish P urcA gfpuv reporter strain cultures 24 exposed to the contaminated water (4.2 µM uranium) from those exposed to the 25 uncontaminated water (Fig. 4B) , although filtering out the blue region of the spectrum (as 26
shown by isolating the green channel of the RGB image) facilitates the discrimination. 27
This key result provides proof of principle that the P urcA gfpuv reporter strain may be used In the work presented here, we have constructed a whole cell uranium biosensor 5 that can report the presence of micro molar amounts of the uranyl cation in situ with 6 nothing other than a hand held UV lamp. To accomplish this, we have utilized a reporter 7 construct that places GFPuv under the control of the promoter of the Caulobacter gene, 8
urcA, that is strongly upregulated upon exposure to uranium. A promoter motif was 9 identified in eleven Caulobacter genes that are induced in response to uranyl nitrate. The 10 urcA promoter contains a tandem repeat of this uranium response motif, m_5, which may 11 explain why urcA is so much more strongly upregulated under uranium stress than any 12
other Caulobacter gene. The m_5 uranium response motif is similar to the cell cycle 13 regulation promoter motif cc_1, which appears to be stress-induced (23). As the optical 14 density of a P urcA gfpuv reporter strain culture begins to exceed an OD 660nm of about 0.92, 15 at 6.5 hours, the fluorescence activity becomes quantitatively comparable to the 16 reporter's activity output after four hours exposure to 2.5 µM uranyl (Fig. 3C) . This 17 increase of the basal activity level of the P urcA GFPuv reporter upon entry into high cell 18 density is consistent with UrcA's role in stress response. 19
The P urcA gfpuv reporter strain is able to discriminate micromolar levels of 20 uranium-contaminated from uncontaminated ground water samples acquired from the 21 Oak Ridge Field Research Center, demonstrating that this reporter may be successfully 22 applied to real-world samples. High levels of contaminating chromium (41.6 µM), but 23 not cadmium, decreased the uranyl-induced GFPuv fluorescence activity of the P urcA 24 gfpuv reporter. The maximum signal of the P urcA gfpuv reporter is achieved after 3 to 4 25 hours of uranium exposure, but the assay time could confidently be reduced to 2 hours at 26 the expense of increasing the detection limit from about 0.5 to 1.0 µM uranyl. Other 27 uranium detection methods have shorter measurement times (about 8 minutes for the 28 catalytic DNA beacon biosensor (19)), but the P urcA gfpuv reporter strain does not require 29 any preliminary sample processing. It is worth pointing out that the reported catalytic 30 biocarbonate soil extraction before the actual assay was conducted (19). The 0.5 µM 1 uranyl detection limit of the P urcA gfpuv reporter corresponds well with the EPA 2 maximum contaminant level guideline of 0.13 µM uranium (13). The P urcA gfpuv reporter 3 strain differs from more sensitive uranium detection methodologies in that it provides 4 signal only for toxic levels of bioavailable uranium contamination. Presumably, the 5 detection limit of the urcA promoter has been tuned to coincide with the uranyl 6 concentration above which uranium stress is toxic to Caulobacter. The P urcA gfpuv 7 reporter strain additionally differs from other uranium detection methodologies in that it 8 requires minimal equipment and sample processing, and operates at ambient 9 temperatures. Future development of the P urcA gfpuv reporter will focus on field-ready 10 application, spraying the strain directly upon soil, ground water, or industrial surfaces. 11
Freeze-drying whole cell bacterial cadmium biosensors has been shown to only 12 moderately affect performance (34), and reconstituting the P urcA gfpuv reporter strain 13 from a lyophilized powder could greatly enhance its on-demand usability in the field. In 14 conjunction with bioremediation efforts, the P urcA gfpuv reporter could complement 15 analytical uranium detection methodologies by rapidly screening many locations in 16 parallel for toxic levels of bioavailable uranium contamination. 17
18
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